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Abstract A fundamental need for commercialization of
sweet sorghum [Sorghum bicolor (L.) Moench] as a bioen-
ergy crop is an adequate seed supply, which will require
development of hybrid varieties using dwarf seed-parent
lines. A set of six public sweet sorghum A-lines (Dwarf
Kansas Sourless, KS9, N36, N38, N39, and N4692) were
crossed with a set of six public sweet sorghum cultivars
(Brawley, Kansas Collier, Dale, Sugar Drip, Waconia, and
Wray). Grain, fiber, and sugar yields were determined, and
conversion formulas were applied to estimate ethanol yields.
Hybrids were grown in fields at Ithaca, NE, USA, in 1983–
1984 fertilized with 112 kg ha−1 N. In terms of yield com-
ponents and overall ethanol yields, one A-line, N38, was
inferior. Average total ethanol yields from hybrids made on
the other A-lines were not significantly different, suggesting
that any of those five A-lines could be useful seed-parents.
With the exception of grain yield, cultivars used as pollen
parents were among the highest-performing entries for all
traits. For all traits directly contributing to total ethanol yield
(grain yield, juice yield, % soluble solids, sugar yield, fiber
yield), hybrids were also among the highest-performing
entries. Results of this study demonstrate that hybrid sweet
sorghum with performance criteria equivalent to existing
sweet sorghum cultivars can be produced on the sweet
sorghum seed-parent lines A-Dwarf Kansas Sourless, A-
KS9, A-N36, A-N39, and A-N4692. Identification of spe-
cific seed-parent × pollen parent lines with characteristics
best suited for particular growing regions and end-user
needs will be critical for commercial hybrid development.
Keywords Sweet sorghum . Hybrid . A-Line . Dwarf . Brix
Introduction
Sweet sorghum [Sorghum bicolor (L.) Moench] is receiving
substantial attention as a bioenergy crop throughout the
world [1]. This is primarily due to its potential to produce
large quantities of directly harvestable sugars in its juice,
which can be readily converted into ethanol through fer-
mentation. In the future, these sugars will potentially be
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converted to “drop-in” biofuels to directly replace specific
types of transportation fuels such as diesel or jet fuel. Sweet
sorghum is typically tall in stature, with juicy stems con-
taining high levels of sugar. Use of sweet sorghum in bio-
energy systems appears particularly attractive in regions
already producing sugarcane (Saccharum spp.) because of
existing infrastructure for harvest, transport, and processing.
In such areas, sweet sorghum can be used to complement
sugarcane production by augmenting seasonal voids in har-
vestable cane and by use in rotations requiring production
fields to otherwise be fallowed and non-productive [2]. In
more temperate regions, sweet sorghum is being evaluated
as a stand-alone crop/bioenergy production system [3].
A fundamental requirement for commercialization of
sweet sorghum for bioenergy is an adequate seed supply.
To date, most research supporting the potential commercial-
ization of sweet sorghum has utilized open-pollinated vari-
eties such as ‘Dale,’ ‘Della,’ ‘M81-E,’ ‘Rio,’ ‘Theis,’ and
‘Topper’ [4, 5]. Obtaining adequate seed to support relative-
ly small-scale research efforts has at times proven difficult
because these tall varieties are prone to lodging and not
amenable to mechanical harvest. Large-scale commerciali-
zation of sweet sorghum for bioenergy will require substan-
tially larger quantities of seed than is currently produced.
A vibrant commercial sorghum seed industry exists
worldwide that has solved large-scale seed production prob-
lems through the production of hybrid varieties using dwarf
seed-parent lines (A-lines). Height in sorghum is controlled
by four major height genes [6] and management of those
genes through selection of parents allows production of tall
hybrids on dwarf A-lines. Such tall hybrids for use as forage
have been produced on dwarf A-lines for decades [7].
Grain sorghums preferentially store carbohydrates in the
grain as starch, while sweet sorghums accumulate the car-
bohydrates in the stem as sugars. There have been recent
studies examining the genetic relationships and diversity
within the sweet sorghum collections [8, 9]. However, it
will be important to use grain sorghum lines as male sterile
A-lines for sufficient production of hybrid seed, and if
additive genetic effects control sugar content the A-lines
should have genes for free sugars. Ritter et al. [10] reported
from their RIL populations that stem sugars are not strongly
correlated with grain yield. They also suggest from QTL
analysis that sugar-related traits were present from the grain
parent as well as the sweet sorghum parent. Murray et al.
[11] also found low negative correlation coefficients be-
tween grain yield and sugar content and at least one QTL
for sugar on the grain parent. This will aid in developing
high sugar hybrids. However, Murray et al. [11] point out
that the majority of total sugar yield will come from breed-
ing for increased stem fresh weight.
While genetic control of height is relatively well under-
stood, the genetics for free sugar content requires more
research. Studies at ICRISAT in India indicated that the
likelihood of producing hybrids with high sugar content is
influenced by a high-sugar male parent [1]. Sugar content
has been reported to be controlled by a single dominant gene
X [6], but in practice the sugar content of hybrids is not as
predictable as is height. Multiple QTL locations for Brix and
sugar content have been observed in other populations [11].
Pfeiffer et al. [12] reported high-parent heterosis for Brix in
only one of 12 hybrids, but due to positive heterosis for
biomass and juice yield, six had high-parent heterosis for
total sugar yield. Additive and dominant gene effects have
been determined for increased Brix and sucrose [13]. How-
ever, epistasis was also indicated and they concluded that
sugar content was controlled by multiple genes. More
importantly, heterosis was observed for biomass and total
juice yield. These studies along with preliminary results
from hybrid trials in Georgia indicate that useful hybrids
can be produced from crosses with high Brix tall male lines
but that heterosis varies greatly among cross combinations.
Sorghum hybrid seed production relies on the cytoplas-
mic male sterile line (A-lines), fertility maintainer (B-lines),
and fertility restorer (R-lines). A B-line is the pollen source
enabling the A-line to produce seed, whose progeny are
male sterile, thereby maintaining this trait within the inbred
line. Crossing an A-line to an R-line (pollen source) restores
fertility in progeny, allowing for the production of fully
fertile F1 hybrids. Screening of germplasm and develop-
ment of new sweet sorghum A-lines are objectives for
breeding programs. However, such efforts require, at mini-
mum, multiple generations of backcrossing to convert tall
sweet lines into dwarf sweet photo-period insensitive lines
and then additional generations of backcrossing to convert
fully fertile fertility maintainer (B-lines) into cytoplasmic
male sterile lines (A-lines) for use in commercial hybrid
production [14].
There is need for developing the capacity to deliver feed-
stocks to new bioenergy plants. Bioenergy companies are
“racing” to construct next-generation plants [15]. The US
Twenty in Ten initiative requires 35 billion gallons of re-
newable and alternative fuels by 2017 [16]—only 5 years
away. Delivery of feedstock to refinery gates within a 5-year
time-frame essentially precludes development of new sweet
sorghum A-lines for first-generation sweet sorghum hybrids
and requires utilization of existing A-lines such as ATx623
[17]. While acknowledging that some industries and univer-
sities may be developing new sweet sorghum A-lines, pre-
viously publicly released sweet sorghum A-lines will likely
be utilized in direct production of first-generation sweet
sorghum hybrids.
To support that effort, we have compiled data from a
previously unpublished 1983–1984 study describing the
grain, fiber, and sugar yields of hybrids produced on a set
of six public sweet sorghum A-lines and applied current
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ethanol conversion formulas to estimate ethanol yields.
Resulting data were analyzed to identify A-lines producing
the highest mean and individual hybrid yields when crossed
with a set of six public sweet sorghum cultivars.
Materials and Methods
Five tall but purported 3-dwarf (dw1Dw2dw3dw4) sorghum
parental lines male sterilized in A1 male sterile cytoplasm
(A-Dwarf Kansas Sourless, A-KS9, A-N36, A-N38, A-N39)
[18, 19] and the short-statured 2-dwarf (dw1Dw2Dw3dw4)
A-N4692 (HA 4692; PI 552849) [20, 21] (also male steril-
ized in A1 male sterile cytoplasm) were each crossed to six
sweet sorghum cultivars (Brawley [22], PI 533998,
Dw1Dw2dw3dw4; Kansas Collier [23], PI 586540; Dale, PI
651495 [24]; Sugar Drip [23], PI 655983; Waconia [23], PI
641849; and Wray, PI 653616 [25]) to generate 36 F1
hybrids. PI numbers are the identifier from the National
Plant Germplasm System (http://www.ars-grin.gov/npgs/
searchgrin.html). The 36 hybrids and six sweet sorghum
cultivars used as pollen parents were grown in field trials
conducted at Ithaca, NE, USA, on a non-irrigated site in
1983 and 1984. Plots were single rows of 7.6 m in length
and spaced 76 cm apart. The site was fertilized with
112 kg ha−1 N prior to planting and was treated with
4.2 kg ha−1 propachlor [2-chloro-N-phenylacetamide] and
1.4 kg ha−1 atrazine [6-chloro-n-ethyl-N′-(1-methylethyl)-
1,3,5-triazine-2,4,dimine] after planting. Plots were planted
on 27 May 1983 and 16 May 1984 with excess seed and
hand-thinned to a spacing of approximately 15 cm. Flower-
ing date was recorded at 50 % anthesis. Height was mea-
sured from the ground to the top of the visually average
panicle at maturity. To determine fertility restoration in the
F1 hybrids, three panicles were covered with pollinating
bags prior to anthesis for each plot and estimated percent
fertility was scored visually at maturity. Because there was a
large sorghum breeding program (grain, forage, sweet) at
the location with a range of maturities during the field trials,
there was ample pollen available from other test plots to
open-pollinate the Waconia hybrids, which were determined
to be male sterile under the pollinating bags. Lodging was
visually scored immediately prior to harvest with a score of
10no lodging and a score of 100complete lodging. On 4
October 1983 and 12 September 1984, five random plants
were harvested from each plot, juice was squeezed from the
fifth internode using a pliers, and % Brix was recorded using
hand-held refractometer. The first killing frost occurred on
23 September 1983 and 26 September 1984.
A 4.57-m section was harvested from each plot from 30
September to 4 October 1983 and from 24 September to 26
September 1984. The heads were removed, dried, and
threshed, and grain yield was determined on a dry matter
basis. Residual biomass was weighed, and a subsample was
dried to determine moisture content. A subsample of ap-
proximately 10 % of the stalks with attached leaves was
pressed with a roller press to extract juice. The weight of the
juice was used to calculate total juice yield. Brix was
recorded on a sample of the juice using a hand-held refrac-
tometer. To determine sugars gravimetrically (% soluble
solids), 10 ml of juice was weighed and dried, and the dry
residue was weighed to determine % soluble solids in the
juice fraction and soluble solids yield (gravitometric). The
remaining fiber was weighed following pressing, and a
subsample was dried to determine moisture content for
calculation of fiber dry matter yield.
Estimated ethanol yields for each fraction (grain, juice,
and fiber) were calculated by multiplying grain, soluble
solids in the juice, and bagasse by conversion factors: eth-
anol yield from grain 0 grain yield/2.40 [26], ethanol yield
from juice 0 soluble solids (assumed to be hexose sugars)/
1.70 [5], ethanol yield from fiber 0 fiber yield/2.65 [5]. All
estimated ethanol yields were based on the theoretical con-
version to ethanol, including an 80 % estimated conversion
efficiency [27].
The experimental design was a randomized complete
block with three replications in each year. The data were
analyzed using the PROC MIXED procedure of SAS/STAT
software ®1 (SAS, 2002–2008). Years and replications were
considered as random variables. Data were first analyzed as
a 6×6 factorial with A-lines, sweet sorghum cultivars were
used as pollinators, and their interaction was included in the
model to generate and compare least square means for A-
lines for most reported traits and to generate and compare
least square means for sweet sorghum cultivars used as
pollinators for fertility of their progeny. Data were then
analyzed considering all 36 hybrids and the six cultivars
used as pollinators as a single treatment to generate and
compare least square means for hybrids and sweet sorghum
cultivars. For all analyses, the ADJUST 0 SIMULATE
option was used in the LSMEANS/DIFF statement to con-
trol type I error and to permit multiple comparisons without
the requirement for F-test significance [28]. The rejection
level for tests of significance among means was set at
P≤0.20 as recommended by FAO [29] to control and
achieve a better balance between type I and type II error
rates for experiments such as large variety trials. Entries
with means not significantly different from the highest or
lowest entry were identified.
Simple correlations were calculated for % Brix of juice
squeezed from the fifth internode of five random plants, %
Brix of juice from the whole plot sample, and % soluble
1 SAS and all other SAS Institute Inc. product or service names are
registered trademarks or trademarks of SAS Institute Inc. in the USA
and other countries. ® indicates USA registration.
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solids determined gravimetrically from juice from thewhole plot
sample. Lastly, regressions were run using theMAXRModel in
the PROC REG procedure of SAS/STAT software to determine
the “best” single-trait model, two-trait model, three-trait model,
etc., for prediction of total ethanol from juice yield, % solids
from 20-plant samples, grain yield, fiber yield, days to 50 %
anthesis, and plant height. Maximum R2 and Mallow’s Cp
statistic output were used to determine “best” models.
In general, the cultivation practices have not significantly
changed terms in of planting depths, row spacing, herbicide
applications, and fertilizer amendments from 1983–1984 to the
present. Plots are no longer hand-thinned, and often plots are
three rows where the middle row is harvested for studies.
Climatically, the environment has not changed dramatically
since 1983–1984 to present. Sorghum is still planted around
the third week of May in Nebraska and typical frost dates range
from end of September to mid-October. We have enclosed the
month weather date data taken on the field site and provided by
NOAA from 1983 to 2011 (File 1 of “Electronic supplementary
material”). The summer of 1983 appeared warmer than average
and 1984 was nearly average.
Results
Average A-Line Performance in Hybrid Combination
Statistically significant differences in height, days to 50 % an-
thesis, and lodging were attributable to A-lines (Table 1). Aver-
age heights of resulting hybrids ranged from 207 cm for N38
hybrids to 227 cm for Dwarf Kansas Sourless hybrids. Days to
heading ranged from 73 for N38 to 77 for Dwarf Kansas
Sourless. Using a visual score of 10no lodging to 100complete
lodging, lodging ranged from 3.4 for N38 to 4.5 for N39.
Average grain yield was highest on hybrids made on
N36, N38, N39, and N4692 and ranging from 5,055 kg/ha
for Dwarf Kansas Sourless to 5,893 kg/ha for N38. Sugar
yield, influenced by both juice yield and % soluble solids,
was highest for hybrids made on Dwarf Kansas Sourless,
KS9, N36, and N4692 and ranged from 1,978 kg/ha for N38
to 2,655 kg/ha for Dwarf Kansas Sourless. Fiber yield was
statistically similar for hybrids made on most A-lines with
the exception of N38 hybrids having a significantly different
(lower) fiber yield than all hybrids from other A-lines. Fiber
yields ranged from 13,561 kg/ha for N38 to 17,175 kg/ha
for Dwarf Kansas Sourless (Table 1).
Ethanol yield from grain, juice, and fiber followed the
same trends as dry matter yield from grain, sugar, and fiber.
Total ethanol yields were similar for hybrids averaged
across A-lines with only N38 being significantly different
(lower) in terms of total ethanol yields than hybrids from
other A-lines. Total ethanol yields ranged from 8,736 L/ha
for N38 to 10,206 L/ha for N4692 (Table 1).
Fertility Restoration in the F1 Hybrids
Hybrids made using the six sweet sorghum varieties included
in this study exhibited wide divergence in self-fertility and
separated into four different (P≤0.20) groupings: Dale and
Wray hybrids averaged 98.2 % seed set under pollinating
bags. Brawley hybrids averaged 71 % seed set under pollinat-
ing bags. Kansas Collier and Sugar Drip averaged 29.1% seed
set under pollinating bags. Waconia averaged 1.2 % seed set
under pollinating bags. Although the A-line × pollinator-line
interaction was significant for self-fertility, individual hybrid
(A-line × Pollinator-line) self-fertility values offered no addi-
tional biological insights and are therefore not reported.
Table 1 Average agronomic performance, component yield, and calculated ethanol yields from hybrids produced on six sweet sorghum seed-
parent lines
A-line Height Days to 50 %
anthesis
Lodginga Grain
yield
Juice
yield
Soluble
solids
Sugar
yield
Fiber
yield
Ethanol
from grain
Ethanol
from juice
Ethanol
from fiber
Ethanol
total
cm days kg/ha % kg/ha L/ha
DKS 227 a 77 a 4.3 ab 5,055 b 16,909 a 15.9 abc 2,655 a 17,175 a 2,106 b 1,562 a 6,481 a 10,146 a
KS9 213 c 74 c 3.6 bc 5,282 b 16,179 a 16.3 ab 2,603 a 16,798 ab 2,201 b 1,531 a 6,339 ab 10,071 a
N36 212 c 76 ab 3.9 abc 5,691 a 15,565 a 16.5 a 2,516 a 15,847 b 2,371 a 1,480 a 5,980 b 9,831 a
N38 207 d 73 c 3.4 c 5,893 a 13,214 b 15.2 bc 1,978 c 13,561 c 2,455 a 1,164 c 5,117 c 8,736 b
N39 215 bc 75 b 4.5 a 5,703 a 15,726 a 14.8 c 2,263 b 15,705 b 2,376 a 1,331 b 5,926 b 9,631
N4692 220 b 74 c 4.4 a 5,806 a 16,836 a 15.4 abc 2,518 a 16,710 ab 2,419 a 1,481 a 6,305 ab 10,206 a
Means in the same column followed by the same letter are not significantly different at P00.20 (see explanation in “Materials and Methods” for
further details)
DKS Dwarf Kansas Sourless
a Visual score with 10no lodging and 100complete lodging
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Performance of Individual Hybrids and Sweet Sorghum
Varieties
Hybrids and sweet sorghum varieties ranged from 178 to
257 cm in height (Table 2). Considering all possible paired
comparisons for hybrids and sweet sorghum varieties, Dale,
Brawley, Sugar Drip, and the Dwarf Kansas Sourless×Dale
hybrid were not different from each other in height and were
taller than all other varieties or hybrids (P≤0.20). Four hybrids
involving Waconia, KS9 × Waconia, N36 × Waconia, N38 ×
Waconia, and N39 × Waconia, were not different from each
other and were shorter than all other varieties or hybrids.
Time from planting to 50 % anthesis ranged from 65 to
93 days (Table 2). The latest maturing entries were the sweet
sorghum varieties Dale and Wray. Lodging scores (10no
lodging and 100complete lodging) ranged from 1.5 to 6.7
(Table 2). Hybrids and sweet sorghum varieties were both
among the group of entries with lowest lodging scores and
the group of entries with highest lodging scores.
Grain yield ranged from 1,086 to 6,647 kg/ha (Table 2),
with clear statistical discrimination between the lowest- and
highest-yielding entries. All entries in the group with high-
est grain yields were hybrids. All entries in the group with
lowest grain yields were varieties. Results for ethanol yield
from grain separated into the same statistically discriminate
groupings and ranged from 452 to 2,770 L/ha (Table 2).
Juice yields ranged from 11,040 to 20,841 kg/ha (Table 3).
Some high and low values were statistically different from
each other. Intermediate juice yields were not different from
the highest or lowest yields. Percent soluble solids ranged
from 13.1 to 19.2 % (Table 3), but few entry means differed
from each other at P≤0.20. The only entries with percent
soluble solids means not among the group of means with the
lowest values were Wray (19.2 %), Kansas Collier (18.8 %),
Waconia (18.7 %), and hybrid N36 × Sugar Drip (18.3 %).
The only entries with percent soluble solids means not among
the highest values were the hybrids N39 × Dale (13.1 %), N39
× Brawley, and N38 × Waconia (14.0 %). Sugar yield is a
function of both juice yield and % soluble solids and ranged
from 1,558 to 3,881 kg/ha (Table 3). Sugar yield showed a
higher level of statistical discrimination among means than
either juice yields or percent soluble solids alone. Entries with
highest sugar yields included the varieties Kansas Collier
(3,315 kg/ha), Sugar Drip (3,611 kg/ha), and Wray
(3,881 kg/ha) and the hybrids Dwarf Kansas Sourless × Wray
(3,246 kg/ha), KS9 × Dale (3,035 kg/ha), and N36 × Wray
(3,064 kg/ha). No sweet sorghum varieties were among
the group with lowest sugar yields. Ethanol yields from
juice separated into the same statistically discriminate group-
ings as sugar yield and ranged from 916 to 2,283 L/ha
(Table 3).
Fiber yields ranged from 10,872 to 24,101 kg/ha (Table 4).
The varieties Dale, Sugar Drip, andWray (18,987, 24,101, and
22,242 kg/ha, respectively) and five hybrids (ranging from
18,963 to 20,892 kg/ha) had fiber yields significantly different
from the lowest-yielding entries. Ethanol yields from fiber
ranged from 4,103 to 9,095 L/ha (Table 4) and separated into
the same statistically discriminate groupings as fiber yield.
Total ethanol yields ranged from 7,232 to 12,394 L/ha
(Table 4). Entries means statistically different from the
lowest-yielding means included the cultivars Kansas Collier,
Sugar Drip, andWray (9,842, 12,394, and 11,136 L/ha, respec-
tively) and 17 hybrids (ranging from 9,867 to 12,071 L/ha).
Correlation of Estimates of % Solids
Percent Brix of juice squeezed from the fifth internode of a
five-plant subsample of the plot in the field was a less
reliable predictor of % solids in juice squeezed from 10 %
of the plot (~20 plants) sample utilizing a roller press and
total stalks and leaves. Pearson’s correlation coefficient for
these two traits was only 0.67 (Table 5). Pearson’s correla-
tion coefficient for % Brix of juice from the 20-plant sample
and % solids was 0.90.
Traits Contributing Most Strongly to Ethanol Yield
Total ethanol yield was predicted very well using only fiber
yield in a single variable model (R200.9139) (Table 6).
Adding grain yield to generate a two-factor model increased
the R2 to 0.9697 and reduced Mallow’s Cp from 14,692 to
5,011. Adding % solids to generate a three-factor model
increased R2 to 0.9859 and reduced Mallow’s Cp to 2,205.
Adding percent juice yield to generate a four-factor model
increased R2 to 0.9986 and reduced Mallow’s Cp to 7.
Adding height and days to heading had no further effect
on R2 and little effect on Mallow’s Cp.
Discussion
Average A-Line Performance in Hybrid Combination
The clear discrimination among average performance values
for height and days to 50 % anthesis has practical implica-
tions for potential use of the A-lines evaluated in this study
as potential parents for hybrid production. Dwarf Kansas
Sourless would be expected to produce longer-season and
taller hybrids that the other A-lines. N38 would be expected
to produce shorter-stature and shorter-season hybrids. Al-
though there was statistical discrimination, all A-lines pro-
duced hybrids with intermediate potential for lodging. None
of the crosses showed heterosis for height or 50 % anthesis.
Other crossing populations have consistently found high
parent heterosis for plant height in hybrids [12, 13] and
over-dominance in RILs [10, 30]. The difference in results
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Table 2 Height, days to 50 % anthesis, lodging scores, grain yield, and calculated ethanol yields from grain for six sweet sorghum varieties and 36
sweet sorghum hybrids
Entry Height Days to 50 % anthesis Lodging Grain yield Ethanol from grain
cm days Scorea kg/ha L/ha
Brawley 253 a 79 5.8 a 3,598 1,499
Dale 257 a 96 a 6.3 a 1,086 b 452 b
Kansas Collier 226 76 3.0 b 2,896 1,207
Sugar Drip 252 a 87 3.0 b 2,820 1,175
Waconia 221 72 5.0 a 3,512 1,463
Wray 233 93 a 6.7 a 1,103 b 460 b
Dwarf Kansas Sourless × Brawley 232 76 4.6 ab 4,925 2,052
Dwarf Kansas Sourless × Dale 246 a 84 4.5 a 5,031 2,096
Dwarf Kansas Sourless × Kansas Collier 220 73 4.3 ab 5,246 2,186
Dwarf Kansas Sourless × Sugar Drip 217 79 3.0 b 4,051 1,688
Dwarf Kansas Sourless × Waconia 213 70 b 4.5 a 5,358 a 2,232 a
Dwarf Kansas Sourless × Wray 236 79 4.7 a 5,733 a 2,389 a
KS9 × Brawley 218 72 5.3 a 5,139 2,141
KS9 × Dale 228 80 6.2 a 5,769 a 2,404 a
KS9 × Kansas Collier 209 72 b 2.3 b 6,451 a 2,688 a
KS9 × Sugar Drip 212 79 2.3 b 4,856 2,023
KS9 × Waconia 178 b 66 b 1.8 b 3,999 1,666
KS9 × Wray 233 76 3.7 b 5,481 a 2,284 a
N36 × Brawley 221 75 4.7 a 5,934 a 2,473 a
N36 × Dale 226 82 4.3 ab 6,144 a 2,560 a
N36 × Kansas Collier 212 73 4.8 a 6,181 a 2,575 a
N36 × Sugar Drip 204 79 2.3 b 4,902 2,043
N36 × Waconia 190 b 68 b 2.5 b 5,056 2,107
N36 × Wray 221 79 4.5 a 5,932 a 2,472 a
N38 × Brawley 215 71 4.0 ab 5,797 a 2,415 a
N38 × Dale 223 80 3.7 b 5,902 a 2,459 a
N38 × Kansas Collier 213 72 6.0 a 5,719 a 2,383 a
N38 × Sugar Drip 198 77 1.5 b 5,912 a 2,463 a
N38 × Waconia 180 b 67 b 1.8 b 5,472 a 2,280 a
N38 × Wray 213 72 3.3 b 6,554 a 2,731 a
N39 × Brawley 213 70 5.7 a 6,012 a 2,505 a
N39 × Dale 225 84 4.0 ab 5,285 a 2,202 a
N39 × Kansas Collier 221 72 4.8 a 5,836 a 2,432 a
N39 × Sugar Drip 218 79 2.5 b 4,945 2,060
N39 × Waconia 189 b 69 b 4.5 a 5,507 a 2,295 a
N39 × Wray 227 78 5.5 a 6,647 a 2,770 a
N4692 × Brawley 230 70 5.3 a 6,021 a 2,509 a
N4692 × Dale 239 82 4.8 a 5,861 a 2,442 a
N4692 × Kansas Collier 211 70 4.3 ab 6,414 a 2,673 a
N4692 × Sugar Drip 223 79 3.8 ab 4,846 2,019
N4692 × Waconia 189 b 65 b 2.3 b 5,343 a 2,226 a
N4692 × Wray 225 76 5.8 a 6,350 a 2,646 a
a Visual score with 10no lodging and 100complete lodging
Varietal results are shown in rows with italicized entries for convenience. Means in the same column followed by letter “a” are not significantly
different from the highest value at P00.20. Means in the same column followed by letter “b” are not significantly different from the lowest value at
P00.20 (see explanation in “Materials and Methods” for further details)
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Table 3 Juice yields, soluble sugar content, and calculated sugar and ethanol yields for six sweet sorghum varieties and 36 sweet sorghum hybrids
Entry Juice yield Soluble solids Sugar yield Ethanol yield from sugar
kg/ha % kg/ha L/ha
Brawley 17,053 a 17.4 ab 2,926 1,721
Dale 17,068 a 17.3 ab 2,845 1,673
Kansas Collier 17,574 a 18.8 a 3,315 a 1,950 a
Sugar Drip 20,841 a 17.5 ab 3,611 a 2,124 a
Waconia 14,538 b 18.7 a 2,700 1,588
Wray 20,278 a 19.2 a 3,881 a 2,283 a
Dwarf Kansas Sourless × Brawley 17,797 a 14.7 ab 2,575 1,515
Dwarf Kansas Sourless × Dale 16,566 ab 14.8 ab 2,435 b 1,432 b
Dwarf Kansas Sourless × Kansas Collier 14,906 b 17 ab 2,402 b 1,413 b
Dwarf Kansas Sourless × Sugar Drip 16,995 a 16.2 ab 2,747 1,616
Dwarf Kansas Sourless × Waconia 15,402 ab 16.5 ab 2,513 1,478
Dwarf Kansas Sourless × Wray 19,768 a 16.4 ab 3,246 a 1,909 a
KS9 × Brawley 14,126 b 16.7 ab 2,366 b 1,392 b
KS9 × Dale 18,271 a 17 ab 3,035 a 1,785 a
KS9 × Kansas Collier 16,359 ab 16.2 ab 2,607 1,533
KS9 × Sugar Drip 16,746 ab 17.4 ab 2,875 1,691
KS9 × Waconia 12,276 b 15.8 ab 1,941 b 1,142 b
KS9 × Wray 19,295 a 14.5 ab 2,793 1,643
N36 × Brawley 16,240 ab 16.2 ab 2,607 1,534
N36 × Dale 16,006 ab 15 ab 2,204 b 1,296 b
N36 × Kansas Collier 14,106 b 15.8 ab 2,197 b 1,292 b
N36 × Sugar Drip 16,064 ab 18.3 a 2,883 1,696
N36 × Waconia 13,268 b 16.2 ab 2,141 b 1,259 b
N36 × Wray 17,706 a 17.5 ab 3,064 a 1,802 a
N38 × Brawley 14,512 b 16.1 ab 2,355 b 1,385 b
N38 × Dale 14,835 b 14.8 ab 2,078 b 1,222 b
N38 × Kansas Collier 12,141 b 15.3 ab 1,779 b 1,047 b
N38 × Sugar Drip 12,486 b 16.2 ab 2,037 b 1,198 b
N38 × Waconia 11,040 b 14 b 1,558 b 916 b
N38 × Wray 14,270 b 14.5 ab 2,063 b 1,214 b
N39 × Brawley 14,743 b 13.9 bb 2,023 b 1,190 b
N39 × Dale 18,245 a 13.1 b 2,342 b 1,378 b
N39 × Kansas Collier 13,981 b 14.9 ab 2,068 b 1,216 b
N39 × Sugar Drip 17,578 a 15.1 ab 2,559 1,505
N39 × Waconia 12,562 b 15.1 ab 1,866 b 1,098 b
N39 × Wray 17,222 a 16.3 ab 2,706 1,592
N4692 × Brawley 15,618 ab 15.3 ab 2,313 b 1,361 b
N4692 × Dale 19,273 a 15 ab 2,734 1,608
N4692 × Kansas Collier 15,358 ab 15.2 ab 2,301 b 1,354 b
N4692 × Sugar Drip 17,195 a 15.5 ab 2,593 1,525
N4692 × Waconia 14,914 b 16.3 ab 2,389 b 1,405 b
N4692 × Wray 18,658 a 15.2 ab 2,779 1,634
Varietal results are shown in rows with italicized entries for convenience. Means in the same column followed by letter “a” are not significantly
different from the highest value at P00.20. Means in the same column followed by letter “b” are not significantly different from the lowest value at
P00.20 (see explanation in “Materials and Methods” for further details)
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may again be due to the differences in parental combinations
over studies.
High-parent heterosis for juice yield was only observed
in four hybrids (Dwarf Kansas Sourless × Brawley, KS9 ×
Dale, N39 × Dale, and N4692 × Dale), indicating that Dale
would be a good male parent for this trait. However, only
KS9 × Dale hybrid had heterosis for sugar yield and ethanol
yield from sugar (Table 3). Hybrids tested by Audilakshmi
Table 4 Fiber yield, calculated
ethanol yields from fiber, and
total calculated ethanol yields
for six sweet sorghum varieties
and 36 sweet sorghum hybrids
Varietal results are shown in
rows with italicized entries for
convenience. Means in the same
column followed by letter “a”
are not significantly different
from the highest value at P0
0.20. Means in the same column
followed by letter “b” are not
significantly different from the
lowest value at P00.20 (see ex-
planation in “Materials and
Methods” for further details)
Entry Fiber yield Ethanol from fiber Ethanol total
kg/ha L/ha L/ha
Brawley 15,466 b 5,836 b 9,057 b
Dale 18,987 a 7,165 a 9,291 b
Kansas Collier 17,717 6,686 9,842 a
Sugar Drip 24,101 a 9,095 a 12,394 a
Waconia 14,849 b 5,603 b 8,655 b
Wray 22,242 a 8,393 a 11,136 a
Dwarf Kansas Sourless × Brawley 17,371 6,555 10,094 a
Dwarf Kansas Sourless × Dale 17,965 6,779 10,308 a
Dwarf Kansas Sourless × Kansas Collier 14,513 b 5,477 b 9,075 b
Dwarf Kansas Sourless × Sugar Drip 17,004 6,417 9,721 b
Dwarf Kansas Sourless × Waconia 15,564 b 5,873 b 9,583 b
Dwarf Kansas Sourless × Wray 20,599 a 7,773 a 12,071 a
KS9 × Brawley 14,686 b 5,542 b 9,075 b
KS9 × Dale 18,963 a 7,156 a 11,345 a
KS9 × Kansas Collier 16,890 6,374 10,595 a
KS9 × Sugar Drip 17,634 6,654 10,368 a
KS9 × Waconia 11,726 b 4,425 b 7,232 b
KS9 × Wray 20,892 a 7,884 a 11,811 a
N36 × Brawley 16,873 6,367 10,373 a
N36 × Dale 17,520 6,611 10,468 a
N36 × Kansas Collier 14,024 b 5,292 b 9,159 b
N36 × Sugar Drip 15,771 b 5,951 b 9,689 b
N36 × Waconia 12,658 b 4,776 b 8,142 b
N36 × Wray 18,237 6,882 11,156 a
N38 × Brawley 14,094 b 5,319 b 9,119 b
N38 × Dale 15,148 b 5,716 b 9,398 b
N38 × Kansas Collier 12,420 b 4,687 b 8,117 b
N38 × Sugar Drip 13,135 b 4,957 b 8,618 b
N38 × Waconia 10,872 b 4,103 b 7,299 b
N38 × Wray 15,695 b 5,923 b 9,867 a
N39 × Brawley 13,530 b 5,106 b 8,801 b
N39 × Dale 17,857 6,738 10,290 a
N39 × Kansas Collier 14,195 b 5,357 b 9,005 b
N39 × Sugar Drip 18,326 6,915 10,481 a
N39 × Waconia 12,683 b 4,786 b 8,179 b
N39 × Wray 17,604 6,643 11,004 a
N4692 × Brawley 15,373 b 5,801 b 9,671 b
N4692 × Dale 19,758 a 7,456 a 11,506 a
N4692 × Kansas Collier 14,724 b 5,556 b 9,583 b
N4692 × Sugar Drip 17,600 6,642 10,186 a
N4692 × Waconia 13,638 b 5,146 b 8,778 b
N4692 × Wray 19,168 a 7,233 a 11,513 a
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et al. [13] and Pfeiffer et al. [12] had considerable heterosis for
juice and sugar yield. Heterosis for fiber yield and subsequently
ethanol from it was observed in four of the 36 crosses (Dwarf
Kansas Sourless × Brawley, Dwarf Kansas Sourless ×Waconia,
N36 × Brawley, and N4692 × Dale) (Table 4). However, it is
interesting that 18 of the 36 crosses had heterosis for total
ethanol yield (Table 4). This indicates the importance of grain
yields for this particular set of crosses.
In terms of component (grain, juice, fiber) yields and overall
ethanol yields, data suggest that one A-line is inferior. N38
hybrids had low juice, low % soluble solids, and low fiber
yields. Although grain yields of N38 hybrids were among the
highest, total ethanol yields were lowest for N38 hybrids.
Average total ethanol yields from hybrids made on the other
five A-lines (Dwarf Kansas Sourless, KS9, N36, N39, and
N4692) were not significantly different, suggesting that any
of these five A-lines could be useful seed-parents. Differences
in average component yields would favor specific A-lines for
production of hybrids for specific end-use applications. One
drawback of our study was that it involved a single location
over two field seasons. It will also be imperative to perform
hybrid performance trials at other locations such as the South-
east to determine the best parents under very different environ-
mental conditions. In the Southeast, plant heights would be
expected to be higher and thus traits such as low lodgingwill be
extremely important.
Fertility Restoration in the F1 Hybrids
Although not a major objective of this research, the study did
provide an opportunity to classify pollinator lines used for
fertility restoration reaction in the A1 cytoplasmic male sterile
system. Dale and Wray hybrids appear to be good restorers (R-
lines). Brawley, Kansas Collier, and Sugar Drip hybrids resulted
in intermediate seed set under pollinating bags and would be
classified as intermediate restorers. Waconia hybrids averaged
1.2 % seed set under pollinating bags (possibly due to stigma
exertion prior to bagging) and would be classified as a fertility
maintainer (B-line). As such, Waconia offers the potential to
makemale sterile hybridswhen crossed to sweetA1 cytoplasmic
male sterile seed-parents. If grown in isolation from sorghum
pollen sources, Waconia hybrids could be used to determine
whether the absence of grain production would increase sugar
levels in stems. Sorghum pollen was clearly present within the
field plots; hence, the Waconia hybrids had grain yields that
were not reduced compared to the other entries (Table 2).
Performance of Individual Hybrids and Sweet Sorghum
Varieties
In the “Introduction,” we indicated the need for sweet sor-
ghum hybrids in order to produce the large amounts of seed
required to support a developing bioenergy industry, which
could be accomplished by commercial hybrid seed indus-
tries throughout the world. Hybrid sweet sorghums will, at a
minimum, need to be equivalent in performance to existing
sweet sorghum varieties to be acceptable to producers in
addition to producing large quantities of seed for a sweet
sorghum bioenergy industry to develop.
With the exception of grain yield, varietal sweet sorghums
used as pollen parents were among the highest-performing
entries for all traits (Tables 2, 3, and 4), including all traits
directly contributing to total ethanol yield (grain yield, juice
yield, % soluble solids, sugar yield, fiber yield). No individual
A-lines appeared to contribute disproportionately to hybrids
among the top performers, indicating that identification of
specific combinations of parental lines will be paramount in
development of superior sweet sorghum hybrids. There was
no clear indication of hybrid vigor among these crosses for
sugar yield which was in contrast to other studies [1, 12, 13].
One study involved three of the same sweet sorghum pollen
parents (Dale, Wray, Sun Drip), but the seed-parent lines for
the F1 hybrid were all A3 cytoplasmic male sterile lines [12],
in contrast to the A1 cytoplasmic male sterile lines used in this
study . The other studies did not involve plant materials in
common with this study [1, 13]. For the other studies where
hybrid vigor was observed, it was only present in a subset of
the hybrid combination, underlining the fact that the individ-
ual combinations are paramount in hybrid performance.
Several details stand out: (1) Only one hybrid (Dwarf
Kansas Sourless × Dale) was as tall as the tallest cultivar
(Dale) (Table 2). Only the cultivar Wray (no hybrids) re-
quired as many days to reach 50 % anthesis as did Dale. In
many areas in which sweet sorghum can be grown, such
Table 5 Correlation of values from three methods of estimating
total % solids
Brix 5 plant Brix 20 plant % solids 20 plant
r
Brix 5 plant 1.00a 0.67a 0.67a
Brix 20 plant 0.67a 1.00a 0.90a
% solids 20 plant 0.67a 0.90a 1.00a
a Significant at P00.05, n0250
Table 6 Stepwise re-
gression results for
maximum R2 for total
ethanol
Variable
added
R2 Mallow’s
Cp
Fiber yield 0.9139 14,692
Grain yield 0.9697 5,011
% solids 0.9859 2,205
Juice yield 0.9986 9
Height 0.9986 5
Days to heading 0.9986 7
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long-season varieties present undesirable risk of frost dam-
age and shorten harvest seasons. In our study, an early frost
occurred prior to harvest in 1983 and there was a marked
decrease (~15 %) in the mean percent soluble solids and the
mean sugar yields in 1983 compared to 1984, but the mean
juice volume was also decreased in 1983 relative to 1984;
(2) For most traits (lodging, juice yield, % soluble solids,
fiber yield, and total ethanol yield), mean comparison tests
did not parse the entries into distinct groups (Tables 2, 3,
and 4). In fact, for the above traits, considerable overlap in
grouping occurred with many intermediate entry means
being statistically not different from both the lowest and
highest entry means. In practice, experimental precision is
low for these traits in the field and much higher numbers of
replication will be required to discriminate effectively
among entry means; (3) A subset of sweet sorghum varieties
had the highest means, or was not significantly different
from entries with highest means, for most traits contributing
directly to total ethanol yields (juice yield, % soluble solids,
sugar yield, fiber yield) (Tables 3 and 4). Conversely, sweet
sorghum varieties had lowest grain yields (Table 2). For
sugar and fiber yields, sweet sorghum varieties establish
the benchmark to be met by first-generation sweet sorghum
hybrids; (4) Ethanol yields calculated from fiber were gen-
erally much higher than ethanol yields calculated from sug-
ars in extracted juice or from grain (Tables 3 and 4). For
example, calculated ethanol yields from grain, juice, and
fiber of the cultivar Sugar Drip were 1,175, 2,124, and
9,095 L/ha, respectively.
Taken in aggregate, data from this study indicate that
many hybrid combinations of dwarf sweet sorghum A-
lines and varietal sweet sorghum varieties used as pollina-
tors can generate sweet F1 hybrids with agronomic and yield
parameters equivalent to sweet sorghum varieties. Selection
of individual parental lines will of course be premised on
end-use parameters. For example, the three hybrids Dwarf
Kansas Sourless × Wray, N36 × Wray, and KS9 × Dale
(Table 3) were equivalent in sugar yield from juice to the
highest-yielding cultivar, Wray. Of this set of hybrids, they
would be obvious choices for further evaluation for bioen-
ergy systems utilizing only the juice from sweet sorghum.
There was a much larger subset of hybrids with ethanol
yield from fiber equivalent to the highest-yielding cultivar,
Sugar Drip (Table 4). The hybrid KS9 × Wray ranked third
to Sugar Drip in ethanol from fiber yield following Wray,
but Dwarf Kansas Sourless × Wray, N4692 × Dale, N4692 ×
Wray, and KS9 × Dale were also not significantly different
from Sugar Drip. Depending upon the relative importance of
components (sugar in juice, fiber), in particular extraction
and bioenergy production systems, optimal hybrid combi-
nations could be selected.
Grain yields of hybrids were generally higher than for
varieties (Table 2). Depending upon harvest systems, grain
may or may not be advantageous. Current mechanized sug-
arcane harvesting systems “top”, or cut and discard heads,
as part of the harvest process. However, new mechanized
systems may be developed to capture and utilize the sugars
stored in the grain as starch, and this potential contributor to
total potential ethanol production from sweet sorghum
should not be ignored. This component would especially
be important in areas that are currently converting corn or
other starch crops into ethanol.
Correlation of Estimates of % Solids
One of the challenges facing breeders developing sweet
sorghum parental lines and downstream evaluators of sweet
sorghum hybrids is how to measure sugar content. A com-
mon procedure because of its simplicity is to squeeze juice
from a small number of sorghum stalks from an identified
internode directly onto a hand-held refractometer. In this
study, five plants were sampled and juice was squeezed
from the fifth internode from the top of the plant. Values
for percent solids generated in this manner were significant-
ly, but not strongly correlated (r00.67), to values generated
gravimetrically from juice of 20 whole plant samples (Ta-
ble 3). Correlations between % solids estimated on the juice
from the whole plant samples using a refractometer and
gravimetric procedures were relatively high (r00.90). The
simple conclusions to be drawn from these correlations are
that, while use of a refractometer to estimate % solids from a
sample correlates well to gravimetric measurement, the
source of the sample itself is important and can contribute
variation. In this experiment, juice extracted from the fifth
internode of five plants did not adequately represent juice
squeezed from total plants, and such procedures cannot be
recommended for selection without further refinement. Sim-
ilarly, in sugarcane, it has long been recognized that sample
size has significant impact on estimating sugar content [31].
Traits Contributing Most Strongly to Total Ethanol Yield
Use of the MAXR Model in the PROC REG procedure of
SAS/STAT software to determine the best models yielded
the somewhat surprising result that a single factor model
including only fiber yield accounted for ~91 % of the
variation in total ethanol yields. Addition of grain yield,
juice yield, and % solids to the model did improve the model
and increase R2 to nearly 1.00, but from a practical point of
view, these results suggest that improvement in the total
ethanol yield potential may be accomplished by selection
for fiber yield alone. Such an approach would not however
take into account the relative importance of the individual
components that may well outweigh total ethanol yield
potential. For example, juice yield and sugar content of the
juice will likely be of higher relative importance than fiber
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in systems such as existing sugarcane refineries because the
fiber (bagasse) is typically considered a by-product used to
generate heat and/or electricity through combustion.
General combining ability has been estimated to be rela-
tively high for both free sugar and fiber components for sweet
sorghum [32]. However, dominance effects and other non-
additive effects have also been reported as being important
[13]. It will be important to make significant genetic gains
from crossing and development of RIL lines to be used as
female and pollen parents. High-sugar- and fiber-yielding
RILs have been developed in this way in other programs
[10, 11, 30]. Results of this study indicate that improvements
can be made that will lead to useful sweet sorghum hybrids.
Overall, there is significant sweet sorghum genetic diversity
[8, 9], whose genetic potential was not captured in this study
which included six sweet sorghum cultivars, three of which
were in common with one previous study [9] and five were in
common with another previous study [8].
Conclusions
Results of this study demonstrate that hybrid sweet sorghum
with performance criteria equivalent to sweet sorghum varie-
ties can be produced on the sweet sorghum seed-parent lines
A-Dwarf Kansas Sourless, A-KS9, A-N36, A-N39, and A-
N4692. The average performance of A-N38 was generally
lower in hybrid combination than the other seed-parent lines,
but identification of specific seed-parent × pollen parent lines
with characteristics best suited for particular growing regions
and end-user needs will be critical for commercial hybrid
development.
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